Emx2 is a vertebrate homeobox gene involved in the control of the central nervous system development. In the formation of cerebral cortex, Emx2 expression is restricted mainly to the germinal ventricular zone fading away in the first postmitotic neurons. This expression pattern, the severe impairment of cortex organization and the size in mutant mice suggest a role of Emx2 in the control of proliferation and migration of neural precursor cells. The observed persistence of Emx2 expression in adult neurogenic areas in vivo is here confirmed at later stages. We also find that Emx2 is expressed at high levels in adult neural stem cells (ANSCs) in vitro and is down modulated upon differentiation. Overexpression of Emx2 gene in ANSCs has an anti-proliferative effect but it does not influence a particular differentiation pathway. Our results suggest that Emx2 may act promoting an asymmetric mode of cell division thereby increasing the size of a transit amplifying population. q
Introduction
Emx1 and Emx2 are vertebrate homeobox genes related to Empty spiracles (ems), a Drosophila gene involved in the control of head development (Dalton et al., 1989) . Both genes were originally isolated in man and mouse (Simeone et al., 1992a,b) and the pattern of expression of both their mRNAs and protein products in the developing mouse head has been studied in detail Gulisano et al., 1996; Mallamaci et al., 1998) . During development of the central nervous system (CNS), the major sites of Emx1 and Emx2 expression are the cerebral cortex, the olfactory bulb and the hippocampus. However, their pattern is only partially overlapping. In the forming cerebral cortex, Emx1 is present in virtually every neuron during proliferation, migration, differentiation and maturation, while Emx2 expression is mainly restricted to the germinal ventricular zone (VZ), fading away in the postmitotic neurons settling in the primordial plexiform layer. At later stages, Emx2 is confined to the VZ and is absent from the developing transitional field, subplate and cortical plate where Emx1 is strongly expressed (see Briata et al., 1996; Mallamaci et al., 1998) . On the basis of this expression pattern, it has been proposed that Emx2 has a role during cell proliferation and migration, while Emx1 would be involved in the subsequent choice of cellular identity in the cerebral cortex . Both genes have been knocked-out in the mouse (Pellegrini et al., 1996; Yoshida et al., 1997) . Although the Emx1 deleted mice lack most of their corpus callosum, they are viable and exhibit only subtle defects of the cerebral cortex with no obvious behavioral defects (Yoshida et al., 1997) .
In contrast, the brain of Emx2 mutant embryos displays major abnormalities. Not only the dentate gyrus is missing altogether, but the hippocampus proper and the medial limbic cortex are reduced and the development of neocortical plate and olfactory bulb is impaired and disorganized (Pellegrini et al., 1996; Yoshida et al., 1997) . Patients affected by schizencephaly have been shown to be heterozygous for mutations in the Emx2 gene. This very rare congenital disease is characterized by full-thickness clefts within the cerebral hemispheres (Brunelli et al., 1996) . In one affected child, computerized tomography documented the presence of subependymal periventricular calcifications (Iannetti et al., 1998) . Taken together, these findings indicate that Emx2 (less likely Emx1) may control proliferation and differentiation of neural precursor cells in the VZ and their radial migration into the cortical plate. The observed persistence of both proteins in postnatal mice (up to P15) in proliferating cells of the subgranular zone of the dentate gyrus Mallamaci et al., 1998) suggests that this role could be maintained also in adult life. This area is one of the two CNS germinal zones retained by adult mammals, the other being the forebrain subventricular zone (SVZ), next to the ependymal layer of the lateral ventricles (Temple and Alvarez Buylla, 1999) . The first one generates hippocampal interneurons, while the latter produces interneurons that migrate through the rostral migratory stream into the olfactory bulb (Gage, 2000) . It has been recently shown that cells originating from the SVZ are also continuously added to association areas of the neocortex in adult primates (Gould et al., 1999) . Cells derived from the SVZ of adult animals can be cultured in vitro, where they actively proliferate retaining stem-like properties and, upon appropriate stimuli, can generate both neurons and glia (Reynolds and Weiss, 1992; Gage, 2000) .
We then investigated the expression of Emx2 in these areas of the adult mouse brain and in undifferentiated and differentiated SVZ cultured cells and studied its role in these latter cells by retrovirus-mediated overexpression of the Emx2 protein.
Results

Expression of Emx2 in neural precursor cells of adult mice
Sections obtained from 1-and 8-month-old mice brains were prepared as described in Section 4 and stained with anti-Emx2 and anti-Emx1 specific antisera. While no staining was visible with anti-Emx1 (not shown), a discontinuous layer of subependymal cells was positive for Emx2. As shown in the sagittal section of Fig. 1a , these cells appear organized in clusters of non-uniformly stained cells. Chains of positive cells appear to join the rostral migratory stream. Although in immunohistochemistry the stain tends to be more diffuse than the real localization of the antigen, making difficult a precise assessment of the intracellular expression, the pattern observed suggests the presence of the protein in the cytoplasm of these cells. Intense Emx2 staining was also present in the hippocampus and in the dentate gyrus (Fig. 1b) .
To confirm the expression of Emx2 in adult neural stem cells (ANSCs), the presence of both Emx2 mRNA and protein was investigated in cultured ANSCs obtained from 1-to 3-month-old CD1 mice. Reverse transcriptase-polymerase chain reaction (RT-PCR) performed on total RNA extracted from cells kept in culture under non-differentiating conditions for up to 1 year demonstrated that Emx2 transcripts are indeed present in these cells (not shown). Immunofluorescence staining of the same cells showed a predominantly cytoplasmic expression of the Emx2 protein in most of the cells (Fig. 2a) . When single cell suspensions obtained from the neurospheres were replated under differentiating conditions, neuron-like cells maintained a strong cytoplasmic signal (Fig. 2b) while none of the GFAP 1 cells was also positive for Emx2 (Fig. 2c ).
In accordance with the small fraction (5-12%) of the total population represented by the neuron-like cells, Western blots performed on equal amounts of total lysates of undifferentiated and differentiated cultured ANSCs showed a decrease in intensity of the 30 kDa band corresponding to Emx2 in these latter cells (Fig. 3 ). ANSC cells, either undif- ferentiated or differentiated, never showed reactivity with the anti-Emx1 antiserum (not shown).
Retroviral-mediated overexpression of Emx2 in cultured ANSCs
Mouse ANSCs derived from adult brains were transduced in vitro with the Emx2/LXIN bicistronic retroviral vector (see Section 4) and selected for 7 days in G418 containing medium. The transduced cells were then assayed by immunofluorescence staining and Western blot for Emx2 expression. Indirect staining (300 cells counted) showed, in addition to the cytoplasmic signal, strong nuclear Emx2 expression in 50-100% of the cells (Fig. 2d ). Western blots of transduced cells showed a markedly stronger 30 kDa band, confirming that the observed nuclear fluorescence was due to the overexpressed Emx2 protein (Fig. 3) . No difference in Emx2 expression was visible in cells transduced with the control retroviral vector (not shown).
Effects of Emx2 overexpression in cultured ANSCs
Thymidine incorporation and clonal efficiency of Emx2 transduced cultures were evaluated in comparison with Table 1 . As shown in Table 1 , an average of 29.5% decrease in thymidine incorporation was observed without an increase of apoptotic cell death, established by morphologic criteria (not shown).
Transduced and non-transduced cells were then replated in differentiating medium containing 1% fetal calf serum (FCS), in which wild type ANSCs give rise to cells with glial and neuronal phenotype. To assess if the differentiation potential was modified upon Emx2 overexpression, we prepared differentiation cultures of Emx2 transduced and control cells. As shown in Figs. 2e,f and 4 we did not find any significant difference in the two main lineages derived in culture after differentiation.
ANSCs, in the presence of EGF and bFGF, proliferate and form clonally related neurospheres which are characterized by the cardinal properties of stem cells: self-renewing ability and multipotency. Previous in vitro studies have shown that early multipotential cells of the cerebral cortex exhibit both symmetric and asymmetric type of division (Qian et al., 1998) . To investigate if the lower proliferation rate of Emx2 overexpressing cells was related to a change in the mode of cell division with a reduced self-renewal and an increased generation of precursors, we assayed the cloning efficiency of the different cell cultures. One thousand cells of each type were plated in 1% methylcellulose in the presence of growth factors and the clones formed were counted after 8-10 days. The number of clones obtained in the Emx2 transduced cells was significantly lower than in control cells (Table 2) . These results strongly suggest that the decrement of proliferation rate is related to an increase of asymmetric cell divisions. The mode of cell division may be quantified for asymmetric and symmetric division by a test of bromodeoxyuridine (BrdU) dilution (Malatesta et al., 2000) . If the hypothesis of an increase of asymmetric divi- Oligodendrocytes (GAL C) were present at very low levels in both cultures. sion in the Emx2 transduced cells was correct, the dilution of BrdU, administered as a pulse of 12 h, should be higher in control cells than in Emx2 infected cells. A prevalence of asymmetric divisions, in fact, determines a higher number of cells that stop dividing and therefore with a higher content of BrdU per cell. One hour after a 12 h BrdU pulse, FACS analysis of control and EMX2 overexpressing cells stained with a monoclonal antibody against BrdU showed that they were equally labeled with most of the cells highly fluorescent (Fig. 5A,B) . The percentage of fluorescent cells decreased with time in both populations but, 1 week after the BrdU pulse, 14.6% of the EMX2 transduced cells still showed the highest level of fluorescence (Fig. 5D ) compared to 4.1% in control cells (Fig.  5C ). The percentage of intermediate fluorescence (19.4) was also increased compared with control cells (10.9) (Fig. 5C,D) . These results suggest that while the vast majority of the cells in the control population has divided several times diluting the BrdU label, a sizable fraction of EMX2 transduced ANSCs either stopped dividing or divided a fewer number of times, maintaining a high BrdU level.
Discussion
In the present study, we show that Emx2 is expressed in the brain of adult mice with a characteristic distribution in neurogenic areas, the subependymal zone of the lateral ventricles and the dentate gyrus of the hippocampus. Accordingly, we found that Emx2 is highly expressed in nearly 100% of the neural stem cells cultured in vitro. When these latter cells differentiate in vitro, the Emx2 protein disappears from the astrocytes, the numerically most represented population persists, although reduced, in the cytoplasm of neurons. The expression of Emx2 in the ANSCs in vitro, seems then comparable to the developmental pattern in vivo: highly expressed in the actively proliferating VZ and fading out in postmitotic neurons of the cortical plate (Mallamaci et al., 1998) . To understand the role of this gene in the control of proliferation and differentiation, ANSCs were transduced with a retroviral vector expressing Emx2. Clones that carry Emx2 proliferate less in comparison with control clones and, in a cloning efficiency assay Emx2 overexpressing cells give rise to a lower number of clones compared to controls. If Emx2 overexpression caused a greater proportion of cell death than in control cells, the clones should indeed contain a lower number of cells. However, we tend to exclude that the anti-proliferative effect could be explained by cell death because we failed to detect any increase of apoptotic bodies in Emx2 transduced cells. Furthermore, an increased cell death due to Emx2 overexpression does not explain the results obtained with the BrdU dilution assay, namely a lower dilution in Emx2 transduced cells. Such an effect could be due to an asynchrony of the cell cycle. However, our cell cycle analysis by PI and BrdU pulse labeling followed by FACS analysis did not show any significant difference in the distribution of the two populations in the various phases of the cell cycle (not shown). An alternative mechanism could be an increase in the proportion of asymmetric cell divisions generating one daughter cell that replaces the original, while the other enters a transit amplifying population that stops dividing immediately or after few cycles. Emx2 could be then involved in pushing neural stem cells toward an asymmetric mode of cell division, increasing the proportion of more mature precursors in the cell population. What would be the meaning of this anti-proliferative effect caused by overexpression of Emx2?
Our hypothesis is that Emx2 is required to enable VZ cells in the embryo and the subependymal cells in the adult to divide asymmetrically in a stem cells mode (Morshead et al., 1998) , that is to self-renew and give rise to a cell that shortly afterwards becomes postmitotic to expand the compartment of the transit amplifying population, according to the changing need of mature neurons and glia. In vivo clonal analysis also showed that ANSCs divide asymmetrically to self-renew and give rise to a transit amplifying population (Morshead et al., 1998) . This interpretation is supported by the observation (Tole et al., 2000) of an increased number of BrdU labeled precursors in the VZ of Emx2 mutant mice, which in fact displays a thicker VZ in contrast to the strong reduction in the size of cerebral hemispheres. Emx2 knock-out mice are not affected then by a depletion of neural stem cells but by a severe reduction in size of the transit amplifying compartment, which ultimately gives rise to terminally differentiated cells.
We suggest that Emx2 participates in the control of transition from symmetrically to asymmetrically dividing neural precursors, although the molecular mechanism by which Emx2 acts remains unknown.
How cell division patterns are linked to a fate specification is not clear, but unequal partitioning of molecules such as Prospero, Numb in Drosophila might be of key importance also in mammals.
Experimental procedures
Histology and immunohistochemistry were performed as already described . The polyclonal antiserum against Emx2 was produced as described by Mallamaci et al. (1998) . Emx1 antiserum production was described by Mallamaci et al. (1996) .
Primary cultures
Brains of 1-8-month-old CD1 mice were microdissected to obtain the rostral periventricular region after coronal sections. The tissue was enzymatically dissociated in 0.1% trypsin in phosphate buffered saline (PBS) containing 10 mM glucose by incubation at 378 for 30 min. After centrifugation, cells were carefully dissociated by passaging in fire polished Pasteur pipettes and resuspended in serum-free medium constituted by NSA medium (Euroclone), supplemented with N2 (Gibco/BRL), 2 mM glutamine and 20 ng/ml of EGF and 10 ng/ml of bFGF (Peprotech). Neurospheres were formed after 3-5 days; they were mechanically dissociated twice at week and replated in tissue culture flasks (Costar).
Differentiation conditions
Dissociated neurospheres were plated on matrigel (Becton Dickinson) on 1:200 dilution covered with glass coverslips in 24-well plate (Costar), at a concentration of 30,000 cells per well. After adhesion, cells were cultured for 4 days in serum-free medium containing only bFGF and for the subsequent 4-5 days in 1% FCS.
Immunocytochemistry
Cells were fixed, for Emx2 staining, with methanol/acetone 1:1, for 10 min at 2208 and for all other antibodies with 4% PFA in PBS for 15 min at room temperature (RT). Cells were then incubated with the appropriate primary antibody for 1 h at RT and washed and incubated with secondary antibody for 45 min.
The following primary antibodies were used: monoclonal anti-map2 (Chemicon) 1:50; monoclonal anti-galactocerebrosidase (Boehringer Mannheim) 1:30; monoclonal antiBrdu (Dako) 1:100; monoclonal anti b-tubulin (Sigma) 1:100; rabbit anti-cow glial fibrillary acidic protein (Dako) 1:300 and mouse anti-nestin (Chemicon) 1:100. Secondary antibodies were: goat anti-mouse IgG (H 1 L) FITC and goat anti-rabbit TRITC (Jackson ImmunoResearch), used at 1:200 and 1:250 dilution, respectively.
Retroviral vector
A bicistronic retroviral vector (pLXIN, Clontech) with Emx2 entire cDNA (pEmx2/LXIN) and neo gene was constructed under the control of the long terminal repeat. The same bicistronic vector with the eGFP in place of Emx2 cDNA (pLEIN) and one with the neo gene alone (pLXIN) were used as control vectors. Retroviral plasmids were used to transfect GP 1 E86 packaging cells. After G418 selection, packaging supernatant was titered on 3T3 cells and used to infect ANSCs.
Thymidine incorporation
Ten thousand cells/well were plated on flat bottom 96-well plate in quadruplicate and grown for 24, 48 and 72 h. 3H-methyl thymidine, 1 mCi/well, (Amersham) was added 12 h before harvesting. Cells were lysed at the appropriate time, blotted on filter paper and following addition of 5 ml of scintillation fluid, cpm were counted on a beta counter.
Cloning of ANSCs
Thousand cells obtained from dissociation of neurospheres were plated, in the presence of growth factors, in 1% methylcellulose in 24-well plates. Transduced and control cells were plated in quadruplicate. After 8-10 days clones were counted separately by two different operators.
BrdU pulse labeling and dilution assay
Emx2, 1 £ 10 6 cells/25 mm flask, was transduced and control cells were plated in growth factors containing medium and 10 mM BrdU. After 1 or 12 h, all the cells were washed and replated in normal culture medium. 1 £ 10 6 cells of each type were fixed and stained with anti-BrdU antibody (Dako) immediately (time 0) and 7 days after BrdU pulse. FACS analysis of the samples plus ANSCs with no BrdU labeling (negative control) was performed. In some experiments, propidium iodide (PI) (Sigma) was added to the samples at 50 mg/ml to evaluate DNA content. The PI and BrdU fluorescence was measured using a FacsStar cytofluorograph (Becton Dickinson).
